This study addressed the effect of contact sliding during stirring of a monoclonal antibody solution on protein aggregation, in particular in the nano-and micrometer size range An overhead stirring set-up was designed in which the presence and magnitude of the contact between the stir bar and the container could be manipulated. A solution of 0.1 mg/mL of a monoclonal antibody (IgG) in PBS was stirred at 300 rpm at room temperature. At different time points, samples were taken and analyzed by nanoparticle tracking analysis, flow imaging microscopy and size-exclusion chromatography. In contrast to non-contact stirred and unstirred samples, the contact stirred sample contained several-fold more particles and showed a significant loss of monomer. No increase in oligomer content was detected. The number of particles formed was proportional to the contact area and the magnitude of the normal pressure between the stir bar and the glass container. Extrinsic DCVJ fluorescence indicated a conformational change for contact stirred protein samples. Presence of polysorbate 20 inhibited the formation of micron sized aggregates. We suggest a model in which abrasion of the potentially destabilized, adsorbed protein leads to aggregation and renewal of the surface for adsorption of a fresh protein layer.
Introduction
Therapeutic proteins have gained a paramount place in modern pharmaceuticals, accounting for more than 70% of the total revenue generated by the ten best-selling pharmaceuticals 1 .
The share of therapeutic proteins in the pharmaceuticals under development is also getting bigger while the probability of regulatory approval from entering clinical development is 32% for therapeutic proteins versus 13% for small-molecule drugs 2,3 . In this category of pharmaceuticals, monoclonal antibodies account for almost half of the sales 4 . The benefits of therapeutic monoclonal antibodies have been proven to be of great value in many life-threatening diseases including cancer, inflammatory and immune diseases, such as rheumatoid arthritis 5,6 .
Despite this important role of therapeutic proteins in pharmacotherapy, their marginal stability remains an important challenge in formulation, storage, shipping, and delivery of these drugs. Stability issues very often imply aggregation of proteins, which could lead to immunogenicity 7,8 and/or reduced efficacy of the drug 9 . Therefore, regulatory authorities have developed guidelines for quality control of protein drug formulations which often contain upper limits for the concentration of visible and sub-visible particles (including protein aggregates) present in parenteral drug products 10-12 .
Many external factors that cause the aggregation of therapeutic proteins have been identified 13, 14 . Among those, mechanical stresses in form of shaking and stirring of liquid protein formulations [15] [16] [17] [18] [19] [20] [21] have been shown to potentially induce considerable amounts of protein aggregates. These types of stress factors are encountered commonly at different stages from manufacturing process up to bedside administration to the patient. Recently, Kiese et al. showed that stirring of a liquid IgG1 formulation results in large numbers of micron sized aggregates, whilst the consequence of shaking was limited to formation of (highmolecular-weight) oligomers and was dependent on presence of an air-filled headspace in a bottle 15 . It was also shown that polysorbate 20 had a protective effect on antibody formulations against aggregation. The authors have listed several parameters, including shear, interfacial effects, and cavitation, that could potentially lead to severe aggregation of protein during stirring. Bee et al. ruled out the effect of high shear force on the aggregation of an antibody 22 . There are studies that have addressed the effects of other parameters on protein aggregation, however, the exact underlying mechanism of stirring stress-induced aggregation is still not fully understood.
In a typical stirring-stress study, stirring involves a constant contact sliding of the surface of a stir bar against the solid surface of a container. Such contact would disturb a critical solid-liquid interface that is a target for protein adsorption. Interestingly, however, to our knowledge the effect of the contact sliding of the solid surfaces, as present during the stirring, on aggregation of proteins has not been investigated.
In this study, we addressed the effect of contact sliding during stirring of a liquid monoclonal antibody protein formulation on aggregation of the protein. For this purpose a stirring configuration has been designed in which the presence, magnitude, and normal pressure of the contact between the solid surfaces can be manipulated. The aggregation of the antibody was monitored by size-exclusion chromatography, nanoparticle tracking analysis, and flow imaging microscopy. Our results indicate that contact sliding-triggered abrasion of adsorbed protein is the key to the formation of micron sized aggregates induced by stirring.
Materials and Methods

Materials
Phosphate buffered saline (PBS; 8.2 g/L NaCl, 3.1 g/L Na 2 HPO 4 .12H 2 O, 0.3 g/L NaH 2 PO 4 .2H 2 O, pH 7.4) was obtained from Braun (B. Braun Melsungen AG, Germany) and filtered by using a 0.22-µm polyethersulfone-based syringe driven filter unit (Millex GP, Millipore, Carrigtwohill, Ireland). Polysorbate 20, sodium phosphate dibasic dihydrate, sodium phosphate monobasic dihydrate, sodium azide, sodium sulfate and 9-(2,2-dicyanovinyl) julolidine (DCVJ) were obtained from Sigma (Sigma-Aldrich, Steinheim, Germany). Ethanol was purchased from Biosolve (Biosolve B.V., Valkenswaard, The Netherlands). Ultrapure water (18.2 MΩ.cm) was dispensed by using a Purelab Ultra water purification system (ELGA LabWater, Marlow, UK). A monoclonal human IgG1 (IgG), formulated at 65 mg/mL in 10 mM sodium citrate buffer containing 5% sucrose at pH 6.0 as described before 23-25 , was used as a model protein. This stock solution was diluted to a concentration of 0.1 mg/mL IgG in PBS, either with or without 0.01% (w/v) polysorbate 20. In addition, a solution of 0.5 mg/mL IgG in PBS without polysorbate 20 was also prepared. Furthermore, a monoclonal human antibody of the IgG1 subclass (IgG-BI), kindly provided by Boehringer Ingelheim (Biberach, Germany), myoglobin (from equine skeletal muscle) and bovine serum albumin (BSA), both purchased from Sigma (Sigma-Aldrich, Steinheim, Germany), were used as model proteins in a small set of experiments.
Mechanical stress conditions
The stirring stress was generated at room temperature by magnetic stirring or an in-house designed overhead stirring system. For the magnetic stirring system a Teflon-coated stir bar with a diameter of 8 mm and a length of 40 mm, a flat-bottom crystallizing glass (diameter of 70 mm) (cat. no. 2131141; Duran; Schott, Mainz, Germany) and a magnetic stirrer (RCT basic IKAMAG, IKA-Werke GmbH, Staufen, Germany), operating at a constant rate of 300 rpm, were used. The overhead stirring system ( Figure 1 ) was used to study the effects of surface contact, contact area, and force generated by the stir bar on the glass surface.
For this series of experiments a rod was used to fix an in-house designed stir bar made of polyether ether ketone. The shape and dimensions of this bar were similar to the one used with magnetic stirring experiments. The effect of surface contact was investigated by stirring 80 mL of IgG solution at 300 rpm while the stir bar contact slid over the glass surface. A balance placed underneath the glass container was used to monitor the force applied by the stir bar (force calculated through multiplication of the displayed mass and gravitational force), which was in this case 5.88 N. Similarly, non-contact stirring was performed by stirring with 5 mm space between the stir bar and the surface of the glass container. As negative control an equal amount of IgG solution was left for 270 min unstirred in the same type of crystallizing glass at room temperature. An additional control consisted of stirring with contact sliding (or magnetic stirring) of protein free PBS.
All the above-mentioned stirring conditions were applied for polysorbate-free IgG solutions.
In addition, the contact sliding stirring experiments were performed with polysorbatecontaining IgG solutions. the system with a reduced contact area by using a stir bar with cavities on its lower surface. stirring with 5 mm space between the stir bar and the surface of the glass container. As negative control an equal amount of IgG solution was left for 270 min unstirred in the same type of crystallizing glass at room temperature. An additional control consisted of stirring with contact sliding (or magnetic stirring) of protein free PBS. All the above-mentioned stirring conditions were applied for polysorbate-free IgG solutions. In addition, the contact sliding stirring experiments were performed with polysorbate-containing IgG solutions. In order to investigate the effect of the contact area, a modified stir bar with the same dimensions, but half the contact area, was used while the normal force upon contact was reduced to 2.94 N to keep the applied pressure the same. In addition, the stir bar with full contact In order to investigate whether the results are applicable to other antibodies and proteins, the contact and non-contact stirring together with the negative control experiments were also performed with three other protein solutions, namely 0.1 mg/mL BSA, 0.1 mg/mL IgG-BI and 0.5 mg/mL myoglobin, all in PBS.
Size-exclusion chromatography
High pressure size-exclusion chromatography (SEC) was performed to quantify the amount of IgG monomer and oligomers in the unstressed and mechanically stressed samples. This was executed on an Agilent 1200 chromatography system (Agilent Technologies, Palo Alto, California) combined with a Wyatt Eclipse (Wyatt Technology Europe GmbH, Dernbach, Germany). A Yarra 3 µm SEC-2000 column (300 × 7.8 mm) coupled with a Yarra Security Guard precolumn (Phenomenex, Torrance, CA, USA) was used. One mL of the samples was centrifuged (18,000 x g for 15 minutes) to remove large particles and 100 µL of the supernatants were injected, while separation was performed at a flow rate of 0.5 mL/min. The mobile phase consisted of 100 mM sodium phosphate, 100 mM sodium sulfate, and 0.05 % w/v sodium azide at pH 7.2. Ultraviolet absorption detection was performed at 280 nm. In order to calculate the monomer decrease after stress, the areas under the curve (AUC) of the UV signal of the monomer peak were used. Standard curves were obtained by using pure IgG samples of known concentrations.
Dynamic light scattering
DLS measurements were performed with a Malvern Zetasizer Nano ZS (Malvern, Herrenberg, Germany). For the collection and analysis of data the Dispersion Technology area was used with a reduced normal force of 1.96 N, to study the effect of pressure. The samples were takenat different time points according to the scheme depicted in Figure 2 and immediately analyzed. Software version 7.03 from Malvern was used. Five hundred µL of each sample was measured in single-use polystyrene half-micro cuvettes (Fischer Emergo, Landsmeer, The Netherlands) with a path length of 10 mm.
Nanoparticle tracking analysis
Nanoparticle tracking analysis (NTA) was performed with a NanoSight LM20 (NanoSight Ltd., Amesbury, United Kingdom) equipped with a 640 nm laser and operating at an angle of 173° with respect to the flow cell (100 x 80 x 10 µm). Samples were injected into the chamber by an automatic pump (Harvard Apparatus, catalog no. 98-4362, Holliston, USA) using a sterile 1-mL syringe (BD Discardit II, Franklin Lakes, New Jersey). The settings were optimized for NTA analysis of solutions containing high quantities of micrometer sized particles, based on a previous study 26 . For each sample a 90 s video was captured with the shutter set at 1495 and the gain at 400. Videos were analyzed by using the NTA 2.0 Build 127 software. The following settings were used for tracking of the particles: background extract on; brightness 0; gain 1.00; blur size 3x3; detection threshold 10, viscosity equal to that of water. All other parameters were set to the automatic adjustment mode. Only particles in the 100 -800 nm size range were included in the analysis.
Flow imaging microscopy
A Micro-Flow Imaging (MFI) system (MFI5200, ProteinSimple, Santa Clara, USA), equipped with a silane coated flow cell (1.41 x 1.76 x 0.1 mm) and controlled by the MFI View System Software (MVSS) version 2, was used for flow imaging microscopy analysis. The system was flushed with 4 mL purified water at 6 mL/min prior to each measurement. The flow cell cleanliness was checked visually between measurements. The background was zeroed by flowing PBS and performing the 'optimize illumination' procedure. Samples of 0.5 mL with a pre-run volume of 0.2 mL were analyzed at a flow rate of 0.17 mL/min and a fixed camera shot rate of 22 flashes per second. The data recorded by the MVSS was analyzed with MFI View Analysis Suite (MVAS) version 1.2. For each sample, stuck, edge, and slow-moving particles were removed by the software before data analysis. The equivalent circular diameter (ECD), which is the diameter of a circle that has an area equal to that of the particle imaged by MFI, was calculated and presented as a measure of the particle size (1-100 µm).
Circular dichroism
Far-UV circular dichroism (CD) was used to study the secondary structure of the protein before and after stirring. The measurements were performed with a Jasco J-815 CD spectrometer in combination with a Jasco PTC-423S temperature controller (Jasco International, Tokyo, Japan) at 25•C. The samples were measured in quartz cuvettes (Hellma GmbH, Muellheim, Germany) with a path length of 1 mm. Circular dichroism spectra were collected in a continuous scanning mode from 200 to 250 nm. The measurements were performed at a scanning speed of 50 nm/min, a response time of 2 s, a bandwidth of 1 nm, a sensitivity of 100 m•, steps of 0.5 nm, and an accumulation of 6 scans. Using the Spectra Analysis Software (version 1.53.04, Jasco), the spectra were background corrected by subtracting the spectrum of the buffer. Data were calculated to mean residue ellipticity according to previously described equations 25 by using a mean amino acid residue weight of 113.
Intrinsic and extrinsic fluorescence spectroscopy
Intrinsic and extrinsic fluorescence measurements were conducted with an FS920 fluorescence spectrometer (Edinburgh Instruments, Edinburgh, UK) at 25 °C using quartz cuvettes with a path length of 10 mm. For intrinsic fluorescence measurements, tryptophan was selectively excited at 295 nm. Changes in emission spectra will reveal alterations in the tertiary structure of IgG 27 . The emission spectra were recorded from 300 to 500 nm using emission and excitation slits of 3 nm, a dwell time of 0.5 s, steps of 0.5 nm, and a cumulative addition of three scans for each spectrum. All spectra were corrected by subtracting the emission spectrum of the buffer measured under the same conditions as the samples. For extrinsic fluorescence spectroscopy DCVJ was used, which allows detection of changes in protein structure 28 , also in polysorbate-containing solutions 29 . For this part of the study an additional stress condition (thermal stress) was incorporated as a positive control, in order to get a general idea on the relative extent of the conformational changes introduced by stirring stress 29 . To induce thermal stress, 1.5 mL of polysorbatecontaining and polysorbate-free IgG solutions were heated for 10 minutes at 75°C in a 1.5-ml reaction tubes (Eppendorf, Hamburg, Germany) using a thermomixer (Eppendorf, Hamburg, Germany). The aggregation of antibodies under these conditions was thoroughly investigated previously and is reported elsewhere 23,25,29 . The used temperature was aggregation onset temperature of the IgG and no visible precipitation was observed after this treatment. For each tested condition 50 μL of a 100 μM DCVJ stock solution was added to 950 μL protein solution to achieve a dye concentration of 5 μM. IgG/DCVJ mixtures were measured within 30 min after dye addition. DCVJ was excited at 452 nm and an emission scan from 470 to 650 nm was performed. The measurements were performed with slits of Magnetic stirring of IgG solution for 90 min resulted in the formation of large numbers of particles in the size range of about 100 nm to 3 μm, as detected by NTA and MFI ( Figure   3A -B). In particular, the formation of up to 135,000 micron sized particles per mL with a consistent average size of 1.60 µm and an irregular shape (Figure 4) was observed by MFI. The number of particles increased over time and stirring led to generation of more nanometerand micron sized particles continuously ( Figure 3C-D) . SEC analysis revealed a decrease of more than 5 % in monomer content after 90 min, but no increase in the amount of (high molecular weight) oligomers, as shown in Figure 3E and 5. DLS measurements revealed an increase in the Z-average diameter and PDI already in the first measurement after the start of magnetic stirring (results not shown). Since DLS analysis was not sufficiently distinctive for samples containing substantial numbers of micron sized particles, it was not used for follow-up experiments. Unstirred IgG solution and stirred placebo solution (PBS) did not show any particle formation.
Results
Protein aggregation induced by magnetic stirring
Stirred IgG solution containing 0.01% polysorbate 20 did not exhibit any increase in the number of micron sized particles (MFI, Figure 3B ) or monomer loss (SEC, Figure 3E ), but did show an increase over time in nanometer sized particles (NTA, Figure 3A ), albeit to a lesser extent than the stirred polysorbate-free IgG solution.
Effect of contact sliding on protein aggregation and micron sized particle formation
In this part of the study we employed an overhead stirring system, where the contact of the stir bar with the container surface could be manipulated (Figure 1 ). NTA and MFI analysis indicated that stirring with contact sliding of polysorbate-free IgG solution created high numbers of particles. At this stirring condition the average total nanometer sized particle concentration increased from 0.1 x 10 8 per mL at t = 0 to 1.8 x 10 8 per mL after 90 minutes, as observed by NTA ( Figure 6A and C). Moreover, MFI showed an increase in the average total micron sized particle concentration from about 1000 (t = 0) up to 1.7 x 10 6 per mL with an average particle size of 1.78 μm after 270 min of stirring ( Figure 6B and D) , while SEC showed a 10% decrease of IgG monomer content in solution ( Figure 6E ). In contrast, non-contact stirred protein solution showed only a minor increase in both nanometer-and micron sized particle counts, without a significant decrease in monomer content. For both contact and non-contact stirred samples, particles with a size above 5 µm had irregular shapes (Figure 4 ). The results for unstirred IgG, contact stirred PBS and contact stirred polysorbate-containing IgG solution were very similar to those obtained for the corresponding samples in the magnetic stirring study (cf. Figure 3 and 6) . Again, unstirred protein samples and stirred PBS did not show any significant increase in nanometer-and micron sized particle counts, and no IgG monomer loss was found in unstirred IgG solution. In the contact stirred IgG solution containing 0.01% polysorbate 20 the generation of micron sized particles was substantially inhibited and hardly any decrease in monomer concentration was seen, whereas the number of particles in the nanometer range was slightly increased.
When the IgG concentration in the solution was increased to 0.5 mg/mL and contact stirring was applied, the micron sized particle concentration reached almost 3.0 x 10 6 per mL after 270 minutes (Figure 7) , with an average size of 2.98 μm. The monomer content decreased with 4.9% after 270 minutes of contact stirring. Because of the high number of micron sized particles, which interfered with the NTA measurements, the concentration of nanometer sized particles could not be reliably assessed. In the first part of this stirring experiment, the effect of the contact area between the stir bar and the bottom of the container on the magnitude of aggregation was investigated.
As shown by the number of nanometer-and micron sized particles per mL ( Figure 8A and B), stirring for 90 min with a reduced contact area generated fewer particles compared to full contact area (4.4 x 10 5 vs. 1.7 x 10 6 micron sized particles per mL, respectively). The monomer content was significantly decreased only in the stirring set-up with full contact sliding area ( Figure 8C ).
The second part of this experiment concerned the effect of normal pressure. The concentration of both nanometer-and micron sized particles after stirring for 90 min with reduced normal pressure (1.96 N) was less than that upon stirring with full pressure (5.88 N), while monomer losses in SEC of 6% (reduced pressure) and 7% (full pressure) were comparable (p = 0.42, Student's t-test). The secondary and tertiary structure of IgG in untreated, contact sliding, and noncontact stirred IgG solutions was studied by using far-UV CD and intrinsic fluorescence spectroscopy, respectively. These experiments did not reveal any alteration in secondary and tertiary conformation under any of the stirring conditions (data not shown). In contrast, extrinsic fluorescence measurements with DCVJ showed a slight increase in fluorescence intensity in the spectrum of the contact stirred polysorbate-free IgG solution as compared to unstirred and non-contact stirred IgG solutions ( Figure 9A ), although less than for the heat stressed control. Interestingly, the polysorbate-containing IgG formulation exposed to contact stirring showed a similar spectral intensity as the unstirred and non-contact stirred control samples ( Figure 9B ), indicating that polysorbate indirectly inhibited the induction of conformational changes during contact stirring.
Stirring of other protein solutions
The stirring experiments with and without contact sliding together with the unstirred control experiment were also performed with another monoclonal IgG antibody, BSA and myoglobin. Table 1 , contact stirring of all the three protein solutions led to significant increases in the numbers of both nanometer-and micron sized particles, whereas this was not the case for the corresponding unstirred and non-contact stirred protein solutions.
As shown in
However, according to SEC analysis only IgG-BI solution showed a significant monomer content decrease after 270 minutes of contact stirring, while in none of the samples oligomers were detected (results not shown). 
Discussion
Stirring stress is commonly applied in forced degradation studies of protein pharmaceuticals 30 .
This study is the first one comparing contact stirring versus non-contact stirring with respect to induction of protein aggregation. The overall results clearly show that contact sliding of the stir bar over the surface of the container plays a key role in stirring-induced protein aggregation and indicate that shear alone does not induce aggregation, in line with a study by Bee et al. 22 . Corroborating previous studies on stirring-induced aggregation 15,31-33 , magnetic stirring led to a significant increase in the number of nanometer-and micron sized particles. The imaged particles by MFI indicated that a large quantity of the particles were a few micrometers in size. No increase in number of micron sized particles was observed when only the buffer solution was magnetically stirred, indicating that particles formed in magnetically stirred IgG solution were proteinaceous. This increase in number of particles was accompanied with a clear decrease in the protein monomer content in absence of oligomers, suggesting a severe and rapid particle formation due to stirring. A five-fold higher IgG concentration resulted in not only larger numbers and sizes of micron sized particles, but also appearance of visible particles. These events were accompanied by a faster relative monomer content decrease compared to the experiments done at an IgG concentration of 0.1 mg/mL. The underlying reason for this faster decrease in monomer content could be two-fold: a) the more abundant the monomer in solution becomes, the faster the solid surface gets covered with protein and b) the presence of a higher protein concentration would facilitate any potential aggregation via monomer addition. Based on the method described by Barnard and co-workers 34 , where it is assumed that particles are spherical and consist of 75% protein and 25% water, after 90 min of stirring the amount of protein in the nanometer-and micron sized particle fractions was calculated to be less than 0.01% and about 1.6%, respectively, of the total protein mass. This is less than what would be expected, considering the monomer loss observed in SEC (ca. 5%). In contrast, when using the overhead system in the contact mode the amount of protein in the particles generated in the contact stirred IgG solution (stirring time 270 min) was estimated to be about 19.4% of total protein, whereas the monomer loss in SEC was about 10%, i.e., in this case the apparent total recovery was above 100%.
These discrepancies may be explained by the inaccuracy of the assumptions (spherical shape and 75% protein content in a particle) made in this method. Kalonia et al. proposed a refinement of particle volume calculation based on the morphological parameters (aspect ratio and circularity) of the particles provided by the MFI 35 . Even so, when a majority of the micron sized particles is smaller than 5 μm, the resolution of the images is not sufficient to reliably derive the morphological parameters. From an analytical point of view a few other arguments can contribute to the error as well. One of those is the inability of both NTA and MFI to accurately size heterogeneous protein particles with a size around 1 μm, i.e., at about the upper and lower size limit, respectively, of the instrument. In addition, all the methods used in this study are based on different analytical principles, which could lead to some level of inconsistency between orthogonal techniques 36 .
In order to study the effects of the contact between the stir bar and the container, an overhead system that allows stirring in both contact and non-contact modes was used.
Stirring without a contact between the stir bar and the glass container did not lead to the formation of large amounts of aggregates. In contrast, stirring in contact mode led to the formation of millions of micron sized particles along with substantial loss of IgG monomer in solution, similar to the observations in magnetic stirring. A DCVJ fluorescence assay, which probes the microenvironment of protein molecules 28,37 , indicated some conformational changes in the protein sample that was contact-stirred. Intrinsic fluorescence and CD were not sensitive enough to pick up this change in protein conformation. Likely, only a small fraction of the total protein amount are structurally altered, which can be sensitively picked up by the fluorescent dye assay but not by the other spectroscopic methods which mainly probe the bulk of unaffected, native monomeric protein.
Based on the collective data, we suggest the following model for the mechanism of aggregation induced by magnetic stirring of protein solutions, as summarized in Figure 10 .
After attachment to a solid surface, proteins often undergo conformational changes 38, 39 . An adsorbed protein molecule with a perturbed state can facilitate adsorption of more protein molecules, leading to aggregation on the surface. Contact sliding of the bar abrades the formed protein layer (consisting of perturbed monomers and/or aggregates) off the surface, releasing the perturbed protein or protein aggregate into the bulk, which may be followed by further aggregation in solution, eventually leading to the formation of nanometer-and micron sized aggregates. Subsequent to the removal of the adsorbed protein layer, the cycle of protein adsorption starts again and abrasion of the new layer is repeated by sliding of the bar on the glass surface. This also explains why (contact) stirring stress in general is harsher than shaking stress 15,33 .
In line with the proposed aggregation mechanism, the addition of polysorbate 20 had a clear inhibitory effect on IgG aggregation and conformational changes in contact-stirred samples. Several studies have indicated that the major mechanism of polysorbates in stabilizing protein involves the preferential adsorption of the surfactant at the interfaces 40,41 .
In our system, the presence of polysorbate 20 in the IgG formulation is expected to greatly reduce the adsorption of the protein to the stir bar and the container surface, and therewith hampers the process of stirring-induced structural changes in the protein and subsequent aggregation. It has to be realized, however, that the presence of polysorbate 20 did not totally avoid the formation of nanometer sized particles during contact stirring ( Figure 3A and 6A), whereas the polysorbate-containing IgG solution that was non-contact stirred showed no increase in nanometer sized particles at all. This might indicate that in the contact stirred polysorbate-containing solution aggregation may be happening but is greatly delayed. So, avoiding contact sliding during stirring and adding a surfactant will have a synergetic benefit in reduction of stirring-induced protein aggregation.
It should be noted that adsorption of proteins is a known phenomenon for most engineering materials, unless there are measures taken to prevent or reduce the adsorption. In a small experiment with a Coomassie blue staining procedure we showed that IgG indeed adsorbed to solid surfaces of glass and stir bar used in this study; we also observed that the adsorption was inhibited to a great extent when polysorbate 20 was present (see Supporting Information for details). In addition, we have studied the stirring induced protein aggregation also with a stirring system using a glass stir bar. These conditions led to formation of particles and loss of monomer as well. However, the glass bar had a different shape and size compared to the others used in this study and therefore the results were not included.
The stronger beneficial effect of polysorbate 20, compared to avoidance of surface contact, can be explained by the fact that surfactants reduce the disposition of protein at the airwater interface too. Stirring, either with or without contact sliding of the stir bar, induces continuous refreshment of the air-water interface 42 . Just as the solid-liquid interface, the air-water interface is a source of adsorption, structural changes and subsequent aggregation of the protein adsorbed to this interface, as has been observed in shaking stress studies 15, 42, 43 . At this stage, it is worth noting that the friction of the two solid surfaces can create a local temperature increase and therefore the effect of this parameter on the protein aggregation cannot be ruled out. However, our data shows that contact stirring of polysorbate 20 containing IgG solutions did not cause (considerable) protein aggregation, while the local heat creation would occur under these conditions as well. In order to further validate the model proposed in Figure 10 , effects of the pressure between the stir bar and the container and contact area of the two solid surfaces on protein aggregation were studied. The extent of aggregation was shown to be influenced by adjusting the contacting area or reducing the pressure applied by the stir bar on the glass surface. Compared to stirring with normal pressure, the number of micron sized particles was less when the pressure between the stir bar and the bottom of the container was reduced, but with equal extent of monomer loss. Even less micron sized particles were found when the contact area was reduced, with no monomer loss over the studied time range. Reduction in normal pressure will directly affect the shear force applied on the glass surface. This in turn reduces the effective detachment of perturbed protein (layer) in the bulk solution. Another plausible explanation holds its origin in the flatness of the interacting surfaces. A smooth surface will still have 'hills' and 'valleys', even if lots of efforts have been made to get it as flat as possible. Together with plastic or elastic properties of a certain surface (e.g., a stirring bar or a container surface), the pressure can have a significant effect on the effective contact area 44 , the poor control of which in general may have a negative impact on the reproducibility of stirring-stress studies.
In our study we have shown that the phenomenon of contact sliding-induced protein aggregation holds true for another different antibody and two other model proteins as well.
Although not all of the tested proteins showed a significant loss of monomer content, still a considerable increase in particle concentration was observed for each of them, suggesting that the phenomenon observed is broadly applicable to proteins in general.
Prevention of protein aggregation from mechanical stress can be best achieved by adding surfactants and avoiding contact sliding of a stirring element and the inner surfaces of the container. The potential effects of contact sliding and abrasion are applicable to several systems other than stirring. For instance, Peters et al. showed that an increase in the aspiration and dispensing frequency during compounding of highly concentrated therapeutic protein solutions leads to enhanced protein aggregation 45 . In a different study, Colombié et al. 46 showed that stirring-induced aggregation leads to irreversible inactivation of lysozyme.
This may have been caused by aggregation, which was unfortunately not addressed in this particular report. The same group investigated the effect of the glass-liquid interface size on lysozyme activity by introducing glass (micro)spheres before turbine-assisted stirring was started 31 . The effect of sliding of the particles over each other and over the surface of the container may have played a significant role in the reduced lysozyme activity observed. In a more recent study of Mehta and coworkers 47 showed that repeated rupture of a layer of silicone oil overlaid on the surface of aqueous solutions of monoclonal antibody resulted in the formation of nanometer-and micron sized particles and substantial losses of monomer. This stress method is from a mechanistic point of view very similar to the one investigated in our work, and the two studies indicate that release or abrasion of (perturbed) monomers and/or aggregates adsorbed at either oil-water or solid-water interface leads to formation of proteinaceous particles in the bulk. Therefore, it is of great importance that the role of contact sliding between the solid surfaces in protein aggregation is recognized and taken into account when designing manufacture, formulation, and handling protocols for therapeutic proteins, as well as when setting up stirring stress studies.
Conclusion
Mechanical stress is one of the reasons that proteins aggregate during different stages of manufacturing and practical use in clinical settings. The data presented herein indicate that for stirring stress, contact sliding of the stir bar over the surface of the container plays a critical role in induction of protein aggregation. Our data suggests that abrasion of proteins adsorbed on solid surfaces leads to progressive protein particle formation in bulk solution, which can be best inhibited by avoiding contact of the stirring device with the container surface and adding a surfactant.
